We report the structures and properties of the cyanide complexes of three superheavy elements (darmstadtium, roentgenium and copernicium) studied using two-and four-component relativistic methodologies. The electronic and structural properties of these complexes are compared to the corresponding complexes of platinum, gold and mercury. The results indicate that these superheavy elements form strong bonds with cyanide. Moreover, the calculated absorption spectra of these superheavy-element cyanides show similar trends to those of the corresponding heavy-atom cyanides. The calculated vibrational frequencies of the heavy-metal cyanides are in good agreement with available experimental results lending support to the quality of our calculated vibrational frequencies for the superheavy-atom cyanides.
INTRODUCTION
The term heavy atom refers roughly to elements in the 4 th -6 th periods of the periodic table, whereas elements in the 7 th period are called superheavy elements. Heavy-element compounds have been rather extensively studied [1] [2] [3] [4] [5] [6] [7] compared to the superheavy ones. This is due to the abundance of the heavy elements and the many uses of heavy-element compounds;
for instance, gold dicyanide (Au(CN)
2 ) was used in gold mining, 8, 9 platinum cyanides are used in nanomaterials, 10 whereas mercury(II) cyanide (Hg(CN) 2 ) was used as an antiseptic 11 until this was stopped due to its toxicity. 12 In contrast, the lack of a natural abundance of the super-heavy elements has limited the number of studies of compounds involving these super-heavy elements. In particular, with the exception of RgCN, 6 there has been no studies of the cyanide complexes of Ds, Rg and Cn reported previously in the literature. Patzschke and Pyykkö 13 studied the properties of darmstadtium carbonyl and carbide and compared them to platinum carbide and carbonyl and found that darmstadtium resembled platinum in its bonding properties. 13 Theoretical studies of darmstadtium hexafluoride (DsF 6 ) and darmstadtium tetrachloride (DsCl 4 ) have also been reported and have been shown to have properties similar to those of the lighter group analogues.
14-16
The structure and bonding properties of roentgenium monocyanide have been compared with the cyanides of copper, silver and gold. 6 Theoretical studies on the electronic structures of RgX (X = H, F, Cl, Br, O, Au, or Rg) have also been reported 5 where the Rg-H bond in
RgH was found to be strong due to relativistic effects, 153.0 pm using ZORA and 150.3 pm using spin-orbit pseudopotential coupled cluster calculations, in contrast to 190.8 pm using nonrelativistic calculations (a 27% relativistic bond-length contraction). Calculations using two-component spin-orbit-coupled relativistic energy-adjusted pseudopotentials showed that the Cn-H bond length in CnH + is shorter than the Zn-H bond length in ZnH + . 17 The calculated equilibrium bond distance of CnH has been found to be 166.2 pm, notably shorter than that of HgH, 173.8 pm. 18 In that work, a bond dissociation energy of 0.42 eV in CnH was also reported, close to the experimental value of 0.46 eV in HgH.
Experimental studies of superheavy-element complexes are demanding, since most of them are radioactive and with very short half-lifes, which comes as an additional concern to the toxicity of cyanide, and there have been very few studies carried out to confirm that the superheavy element complexes in general behave like the lighter-element analogues. Moreover, studies reporting the chemistry of some complexes of Ds and Cn are conflicting. For instance, studies on Cn suggest mercury-like properties, 18, 19 whereas other studies suggest noble-gas-like behavior, mainly due to the strong relativistic contraction of the 7s orbital.
20,21
Exploring the properties of complexes of the superheavy elements using relativistic theoretical calculations is therefore important to understand their chemistry and our understanding of the chemistry of the super-heavy elements in general. In this study we report the structural parameters, vibrational frequencies, bond dissociation energies and electronic absorption spectra of mono-and dicyanide complexes of darmstadtium, roentgenium and copernicium. We compare the calculated properties of these complexes with the corresponding properties of the known cyanides of platinum, gold and mercury.
METHODOLOGY
The two-component spin-orbit zeroth-order regular approximation (SO-ZORA, in the following denoted simply as 2C) 22 The optimized bond lengths are collected in Table 1 . The Ds-C bond in DsCN − is shorter than that of DsCN, that is,the neutral state of Ds forms a stronger Ds-C bond than the other oxidation states when it forms a complex with the cyanide anion. Among the known cyanide complexes of platinum is PtCN + . For this complex, geometry optimization using SO-ZORA/PBE/QZ4P gave a Pt-C bond length of 185.58 pm. This is in contrast to Ds, where only DsCN and DsCN − have a minimum on the PES (see Figure 1 ). For PtCN + , the Pt-C bond length is shorter than that of the sum of atomic single-bond radii of the atoms, 34 thus indicating multiple-bond character. This multiple-bond character is observed in all the Pt and Ds complexes. For instance, the sum of the atomic single-bond radii of Pt and C in PtCN + is 198.00 pm, whereas our SO-ZORA/PBE/QZ4P value is 185.58 pm, a difference of 12.42 pm. The dicyanide complexes, Pt(CN) 2 and Ds(CN) 2 2− , are found to be stable and both show multiple bond character. The metal-carbon bond lengths of the dicyanide complexes are longer than in the monocyanides, but are still shorter than the sum of the single-bond atomic radii (see Table 2 ). For both the mono and dicyanides, the optimized structures of the platinum complexes obtained using different levels of theory are in good agreement with each other and with available experimental data.
The vibrational frequencies for the monocyanides and dicyanides are listed in Table 1 and Table 2 The total interaction and bond dissociation energies of the mono and dicyanides are listed in Table 3 . DsCN − has a bond dissociation energy of 2.79 eV, whereas DsCN has 3.94 eV, indicating that DsCN forms a slightly stronger bond than PtCN + . This is even more pronounced for the dicyanide complexes, which is also evident from the visualization of the orbitals involved in bond formation (see Table 3 and Figure 2 ). Furthermore, the calculated absorption spectra presented in Figure 3 show that Pt(CN) 2 has one intense absorption peak around 590 nm, whereas Ds(CN) 2 2− shows intense absorption peaks between 200 nm and 300 nm.
Group 11: Gold and Roentgenium
The valence s-subshell of Rg is expected to be relativistically more contracted and is predicted to have a 6d shell relativistic geometry optimization showed that RgCN was formed analogously to AuCN (see Figure 4) . The Rg-C bond length is shorter than that of Au-C; the DKS/PBE/dyallcvtz optimized Au-C bond length is 189.18 pm, while that of Rg-C is 187.16 pm, see Table 1 . Our Au-C bond length falls inbetween the result obtained preivously for AuCN using MP2/cc-pVQZ (186.51 pm) and using CCSD(T)/cc-pVQZ /191.05 pm). 6 In both AuCN and RgCN, the metal-carbon bonds show multiple bond character, all considerably shorter than the sum of the single-bond atomic radii reported by Pyykkö. 34 For instance, in AuCN the sum of the single-bond atomic radii between Au and C is 199.00 pm, 9.82 pm longer than our calculated DKS/PBE/dyall-cvtz bond length. The PES plots in Figure 4 as well as the structural parameters in Table 1 show no noticeable differences in the nature of the bonding in AuCN and RgCN. Similar observations are made for the dicyanides.
The calculated Au-C stretching frequency of AuCN (Table 1) Table 1 , lending additional support to the claim that the quality of the experimental vibrational frequencies may be somewhat low.
The total interaction and bond dissociation energies of the Au and Rg mono and dicyanides are listed in Table 3 Table 3 ). Overall, our results show that the Rg complexes behave like the Au complexes. The MO diagrams shown in Figure 5 also support a multiple bond character for the Rg(CN) − 2 complex. Moreover, the electronic absorption spectra presented in Figure 3 show that both Au(CN) 
Group 12: Mercury and Copernicium
Spin-orbit coupling leads to a stabilization of the 7s and destabilization of the 6d orbitals also in the case of copernicium, giving it a 6d Figure 6 also shows the complex formation of HgCN + and CnCN + . These are in good agreement with the experimental study reported by Eichler et al. 37 who concluded that the stronger adsorption interaction of Cn with gold involves the formation of a metal bond, which is a typical behavior of group 12 elements. Moreover, the behavior of Cn observed in this study is in agreement with previous theoretical studies of other copernicium complexes.
1,38-40
The optimized geometry of HgCN + ( However, the visualization of the MOs shows the overlap of orbitals (Figure 7 ), an indication for a possible formation of a bond between copernicium and carbon. Test calculations for Cn(NC) 2 , diisocyanide, predict a slightly shorter Cn-N bond compared to the sum of the single-bond atomic radii between Cn and N.
The vibrational frequencies calculated for the monocyanides and dicyanides are listed in Table 1 and Figure 3 indicate that Hg(CN) 2 absorbs light at around 225 nm, whereas Cn(CN) 2 absorbs at around 247 nm.
CONCLUSIONS
In this work, we have studied the XCN and X(CN) 2 (X = Pt, Ds, Au, Rg, Hg and Cn) molecules in different oxidation states. The monocyanides of roentgenium and copernicium behave as the lighter members of these groups, whereas darmstadtium prefers to form a complex in its neutral state, in contrast to platinum. The Rg-C and Cn-C bond lengths of the monocyanide complexes are shorter than the Au-C and Hg-C bonds, whereas it is the opposite for Ds-C and Pt-C. Visualization of the orbital overlaps supports the notion that these superheavy-element cyanide complexes form multiple-bonds. The optimized structural parameters of Pt(CN) 2 , Au(CN) − 2 and Hg(CN) 2 are in good agreement with the corresponding experimental bond lengths, and we therefore also expect that the structural parameters calculated in this work for those complexes not observed experimentally give an accurate prediction of the expected structure. With the exception of RgCN, the metal-carbon stretching frequencies decrease as the metals become heavier for all molecules, whereas the reverse trend is observed for the C-N stretching frequencies. Our calculated vibrational frequencies for AuCN are in fairly good agreement with previously reported experimental and theoretical vibrational frequencies of this complex, suggesting that the vibrational frequencies calculated for the complexes should give fairly accurate predictions of these vibrational frequencies.
The overall analyses indicate that Ds, Rg and Cn can form stable complexes with strong bonds with the cyanide ion, and in some cases even stronger bonds than the complexes of the lighter group members. b Au-C in AuCN using the 4C/cvqz d level is 189.22 pm, and C-N is 116.98 pm.
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d ω1 is M-C symmetric stretching, ω2 is C-N symmetric stretching, ω3 is M-C-N bending mode, all calculated using SO-ZORA/PBE. 26 
